Abstract-An improved method for quantitating the extent of myosin light chain (P-LC) phosphorylation in small smooth muscle samples is described.
Abstract-An improved method for quantitating the extent of myosin light chain (P-LC) phosphorylation in small smooth muscle samples is described. Native myosin was isolated from other cellular proteins in a crude supernatant fraction prepared from a few milligrams of bovine tracheal smooth muscle by polyacryl amide gel electrophoresis (PAGE) in the presence of sodium pyrophosphate (PPi). When potassium iodide (KI, 0.6 M) was added to the crude supernatant fraction, myosin migrated into the gels during electrophoresis.
Without adding KI, myosin remained at the top of the gel so that the myosin content in the gel was 20 times less than in the presence of KI. After the PPi-PAGE, myosin was subjected to isoelectric focusing (IEF) on polyacrylamide slab gels to separate the phosphorylated from the nonphosphorylated forms of the P-LC. The extent of P-LC phosphory lation was quantitated after densitometric scanning of silver-stained IEF gels. Examination of the temporal changes in carbachol-induced contraction and P-LC phosphorylation in tracheal smooth muscle strips exhibited a relatively transient change in the P-LC phosphorylation as shown in other smooth muscle prep arations.
This procedure is applicable to investigations on the role of Cat+, calmodulin-induced activation of myosin light chain kinase and phosphorylation of smooth muscle myosin.
Ca2l,calmodulin induced phosphorylation of the P-LC has been considered to play an obligatory role in the contraction of smooth muscle (1) (2) (3) (4) (5) . One major problem in bio chemical investigations in intact smooth muscle has been the lack of a sensitive technique for quantitating the extent of P-LC phosphorylation.
Methodology has been de veloped by combining several techniques to quantitate the extent of P-LC phosphory lation; Employed techniques have included
Abbreviations: P-LC, 20,000-dalton phosphoryla table light chain of myosin; PAGE, polyacrylamide gel electrophoresis; PPi, sodium pyrophosphate; IEF, isoelectric focusing; SDS, sodium dodecyl sulfate; PA, polyacrylamide; EGTA, ethylene glycol bis(S-aminoethyl ether) -N,N,N',N'-tetraacetic acid; PSS, physiological salt solution; carbachol, car bamylcholine chloride; NE, norepinephrine bitartrate; W-7, N-(6-aminohexyl)-5-chloro-1-naphthalene sulfonamide.
immunoprecipitation of myosin (6) and two dimensional electrophoresis of denatured cel luar protein utilizing IEF followed by sodium dodecyl sulfate (SDS)-PAGE (7, 8) . Recently, a method has been described that involved radioimmunoblotting with antibodies raised to P-LC after urea/glycerol-PAGE of de natured protein (9) . Without using radioiso topes, a combined method of two electro phoretic procedures, PPi-PAGE and IEF, has been reported to quantitate the extent of P LC phosphorylation (10) . The large number of samples that can be processed in a single ex periment offers one major advantage of this methodology. First, quick-frozen smooth muscle strips are homogenized in a PPi buffer, which solubilizes myosin. Myosin is then separated from the other cellular proteins by electrophoresis on PPi-polyacrylamide (PA) gels. After a brief staining with Commassie blue, the protein band representing myosin is excised, denatured in 8 M urea, and sub jected to IEF on a pH gradient of 6 to 4 to separate the phosphorylated from the non phosphorylated forms of the P-LC. As pointed out by Silver and Stull (10) , the problem of this method is that the amount of myosin in PPi-PA gels after electrophoresis of crude extracts prepared from smooth muscle was less than expected, while yields from striated muscles were reasonable. They found that the smooth muscle myosin was present at the top of the PPi-PA gel, in addition to the distinct band migrating into the gel. The appearance of myosin on the gel top may be due to its binding to other proteins, particularly actin filaments. When the distinct myosin band and the myosin-containing gel top were com bined, the yield of myosin by IEF was im proved (10) . Under these conditions, how ever, other protein bands were found in the IEF gels. It is important to eliminate potential contamination by other proteins, which may complicate measurements of P-LC phosphor ylation. Since the contamination seems to be attributable to the protein on the gel top, it would be important to dissociate myosin during the PPi-PAGE. Here, an improvement in methodology is described for quantitating the P-LC phosphorylation in small smooth muscle preparations.
Evidence is presented that the addition of KI in a final concentration of 0.6 M to the supernatant fraction of smooth muscle homogenates considerably improves the yield of myosin during the PPi-PAGE.
Materials and Methods
Isolation of native myosin from smooth muscle strips by PPi-PAGE: Native myosin from smooth muscle homogenates was iso lated by solubilization in a PPi buffer with a modified version of the PPi-PAGE technique of Silver and Stull (10) . Frozen (-60°C) muscle samples weighing 4-6 mg (frozen wet weight) were homogenized for 30 sec at 0°C with a No. 20 Duall tissue grinder in 60 volumes of a buffer consisting of 100 mM PPi, pH 8.8, 5 mM EGTA, 50 mM sodium fluoride (NaF), 10% glycerol, 15 mM 2 mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, 100 units/ml of aprotinin (Trasylol) and 0.1 mM leupeptin. After 20 min at 0°C, the homogenates were centrifuged at 7,000x g for 20 min, and 200 al of the supernatant fraction were mixed with 27.3 ul of 5 M KI (the final concentration of KI was 0.6 M). In some experiments, different concentrations of KI were tested to determine the optimal concentration of KI. After incubation for 20 rein at 0°C, 45 ,al of saturated sucrose solution were added to the KI-treated supernatant solution. Aliquots of this solution (10-50 /cl) were layered onto PPi-PA gels and electro phoresed at 90 V for 4 hr in a Pharmacia GE 2/4 gel apparatus with recirculation of the electrophoresis running buffer. The running buffer consisted of 40 mM PPi, pH 8.8 10% glycerol and 50 mM NaF. Electrophoresis was performed in a refrigerated chamber with a recirculating cooler to maintain the tem perature of the running buffer between 1-2 °C.
PPi-PA tube gels (65 x 5 mm) consisting of 20 mM PPi, pH 8.8, 10% glycerol, 100 mM NaF, 5 mM EDTA and 3.5% total acrylamide (3.33% acrylamide, 0.17% bisacrylamide) (Sigma Chemical Co.) were used to isolate native myosin. After mixing of these com ponents at room temperature, N,N,N',N' tetramethylethylenediamine and ammonium persulfate were added to final concentrations of 0.2% and 0.04%, respectively. This gel solution was quickly poured into the tubes, and polymerization of PA was complete after 1 hr.
Following the PPi-PAGE, the gels were stained in a solution of 0.15% Coomassie blue (R-2.50, Sigma) 50% methanol 7% acetic acid for 10 min. After the brief staining , the gels were destained in 50% methanol 7% acetic acid unitil the band was visible (ap proximately 10 min). In some experiments, the gels were stained overnight to determine the relative amount of myosin. The myosin band was scanned with a Zenith soft laser scanning densitometer. The area of the myosin band is given in numbers where 96 cor responded to the amount of myosin that migrated into a PPi-PA gel after the loading of 1 ,ag of purified skeletal muscle myosin. Skeletal muscle myosin was prepared from rabbits as previously described (11) .
IEF: IEF on PA slab gels with a pH gradient of 6 to 4 was used to separate the phos phorylated from the nonphosphorylated forms of the P-LC (10, 12) . The basis for this technique involves a change of P-LC to a more acidic apparent isoelectric point after the incorporation of a single phosphate molecule. The PA slab gels (100 x 140 x 1.5 mm) consisted of 8 M urea, 6.62% total acrylamide (6.3% acrylamide, 0.32% bis acrylamide), 1 % Triton X-100 and 2% Isolyte (Isolab, pH 6-4). The top running buffer (cathode solution) was 20 mM NaOH, while 77 mM H3PO4 was used for the bottom run ning buffer (anode solution).
To focous P-LCs in myosin obtained by the PPi-PAGE, the myosin band (approximately 1.5-mm thick) on the gel was excised and placed in a test tube cap (Caplug No. 4) con taining 60 /I of a denaturing buffer consisting of 8 M urea, 2% Isolyte and 15 mM 2-mercap toethanol. The gel slice containing myosin was aspirated into a Drummond Wiretrol (25 /cl) and transferred onto a 10-well IEF slab gel. Six microliters of 10% Triton X-1 00 were then added to each well. The samples were elec trofocused for 4.5 hr at a constant voltage set ting of 400 V with a circulating bath tempera ture at 10 °C.
Following the IEF, the slab gels were placed in Pyrex Corning glass dishes and fixed for 30 min in 15% trichloroacetic acid. The gels were then soaked overnight in 50% methanol 10% acetic acid solution with gentle shaking.
Silver staining and quantitation of P-LC phosphorylation: IEF slab gels were stained with an ammoniacal-silver solution by a modification of the method described for SDS slab gels by Oakley et al. (13) . For all steps in this procedure, the slab gels were placed in the glass dishes and were continuously shaken.
After soaking overnight in the 50% me thanol 10% acetic acid solution, the slab gels were soaked twice in a 10% methanol 5% acetic acid solution for 30 min each. This solu tion was then drained and 10% fresh, unbuf fered glutaraldehyde (Eastman) was added to each dish. After shaking for 30 min, the glutaraldehyde was removed, and the gels were soaked in distilled water for 2.5 hr. During this period, the water was changed every 30 min to remove excess glutaralde hyde. After 2.5 hr, the water was removed, and a freshly prepared ammoniacal-silver solution (13) was added. After 17 min in the ammoniacal-silver solution, the slab gels were transferred to new glass dishes containing distilled water and allowed to soak twice for 2.5 min each to remove excess ammoniacal silver solution. The water was then drained, and a reducing solution (0.005% citric acid 0.019% formaldehyde) was added to the dish. As soon as both forms of the P-LC became visible (approximately 6-10 min), develop ment was halted by replacing the solution with 7% acetic acid. Several (three or four times) changes of the acetic acid after this step were necessary to maintain low back round densities.
Following the silver staining, the slab gels were scanned densitometrically by an LKB laser densitometer.
Areas under the curves representing the phosphorylated and non phosphorylated forms of P-LC were deter mined, and the P-LC phosphate content is expressed by calculating the phosphorylated form as a fraction of the total P-LC (mol phos phate (P)/mol P-LC; 10, 12).
Intact smooth muscle preparation: Studies with intact smooth muscle strips were per fomed in an isolated muscle bath according to the method of Kamm and Stull (14) . For bovine tracheal smooth muscle, tracheal sections from freshly slaughtered cattle were obtained from a local abattoir and transferred to the laboratory in ice-cold, modified physio logical salt solution (PSS) of the following composition:
118.5 mM NaCI, 4.7 mM KCI, 1.2 mM MgSO4, 1.2 mM KH2PO4, 24.9 mM NaHCO3, 1.6 mM CaCl2, 10.0 mM dextrose, and 1.0 mM pyruvate. Upon arrival at the laboratory, the smooth muscle layer was carefully separated from cartilage and con nective tissue by dissection in the PSS aerated with a mixture of 95% 02 5% CO2 main tained at room temperature.
Strips of uniform dimensions (1.5 mm2, 1.5x1.0 mm) were cut parallel to the long axis of the cells with a double-bladed cutting tool. Strips had an average wet weight of 10 mg and were ap proximately 12-mm long when stretched to the optimal muscle length (L0). Strips were mounted vertically between hooks in a water jacketed (37±0.5 °C) muscle bath containing 20 ml of the PSS aerated with a mixture of 95% 02 5% CO2. The hook anchoring the upper end of the strips was connected to the lever of a Grass FT-.03 force-displacement transducer. Changes in isometric tension were recorded on a six-channel Grass model 7 polygraph. After an initial application of a 1 .5 g resting tension, strips were equilibrated for 70 min in oxygenated PSS with replacement of the solution every 15 min. A second ap plication of a 1.5-g resting tension brought strips of these dimensions to their optimal muscle length (Lo) as determined from the length-tension relation. Because the strips did not exhibit bassal tone at Lo, consistent length changes were obtained with the ap plication of a fixed load (14) . Strips equili brated for a total of 90 min were then con tracted with a submaximum concentration of KCI (40 mM) three or four times at 40 min in tervals until the responses were reproducible.
Smooth muscle strips were quick-frozen by rapidly lowering the muscle bath and clam ping with metal tongs precooled to -196°C in liquid nitrogen. Strips were frozen at various points in time with ±1-sec accuracy with this protocol. Frozen strips were stored at -60°C prior to the biochemical analysis.
To determine the influence of the length of the carbachol diffusion path, experiments were conducted on strips weighing from 4 to 30 mg. In these experiments, the length (12 mm) of strips was constant, but the dimen sions were changed from 0.6 to 4.5 mm2. Therefore, different resting tensions were ap plied for strips with different cross sections.
Media-intimal strips of rabbit aorta were also prepared according to the previously described method (15) . A resting tension of 1 .0 g was applied to these strips. Pharmacological agents used were car bamylcholine chloride (carbachol), histamine diphosphate, norepinephrine bitartrate (NE) and atropine sulfate, and were purchased from Sigma Chemical Co. (St. Louis, MO). W-7 was a kind gift from Prof. H. Hidaka of Nagoya University School of Medicine.
Statistical analysis: Unless specified, re sults shown in the text, tables and figures are expressed as the mean±S.E.
(N=number of preparations).
Statistical analysis of the data was conducted by Student's t-test for paired or unpaired data or by completely randomized design, one-way analysis of variance followed by Newman-Keuls test for a significant F ratio (P<0.05), depending on which test was statistically appropriate. Two groups of data were considered to be significantly different when P<0.05.
Results Effect of KI on isolation of native myosin from smooth muscle strips: Attempts to electrophorese tracheal smooth muscle myosin using the PPi-extracted supernatant fraction without adding KI (10) resulted in a relatively poor myosin band based on the PPi-PA gels (Fig. 1) . In contrast, with the addition of KI to the supernatant, the amount of myosin that migrated into the PPi-PA gels was increased. This is shown in Fig. 1 A in which 25 itl of supernatant prepared from a tracheal smooth muscle homogenate (30 volumes of a buffer/weight muscle) was ap plied to the PPi-PA gels, and the scanning of the myosin band is shown in Fig. 1 B. The relative area of the myosin band for the KI treated supernatant was greater than without KI. Extraction of myosin from PPi-PA gels in which KI had been added to the supernatant allowed IEF of the nonphosphorylated and phosphorylated forms of the P-LC without significant contamination with other proteins (Fig. 1 C, D) .
Effects of KI on the isolation of myosin under various conditions are shown in Fig. 2 . With loads above 25 ,ul per gel of the KI treated supernatant prepared from muscle diluted to 30-fold, some myosin was retained at the top of the gel. However, the loading of the same volumes of the KI-treated super natant prepared from muscle diluted to 60 fold exhibited a reasonable linearity between the area of the myosin band on the gels and the volume of the KI-treated supernatant loaded. The relative area of myosin band for the 50 ucl of KI-treated supernatant prepared from muscle diluted to 60-fold was 20 times greater than without adding KI (Fig. 2) . The increase in the yield of myosin did not appear to be due to simply an increase in ionic strength, since the addition of KCI instead of KI resulted in the same low yield as no ad ditions ( Figs. 1 and 2) .
To determine the optimal condition for muscle dilution, the amount of myosin in the PPi-PA gels was compared after the applica tion to the gels of either 50 or 25 uul of KI The muscle was homogenized in 30 volumes of a PPi buffer and then centrifuged; the supernatant fraction was divided into three groups.
KI and KCI in a final concentration of 0.6 M was added to the second and third groups, respectively.
After adding a saturated sucrose solution, a 25-pl sample of each solution was layered onto PPi-PA gels and electro phoresed under the conditions described under "Methods."
(a) supernatant fraction, (b) supernatant fraction + 0.6 M KI, (c) supernatant fraction + 0.6 M KCI. The arrow indicates the myosin band. (B) Densitometric scans of (A) for each myosin band obtained by the PPi-PAGE. The relative area of the myosin bands migrated into the PPi-PA gels was measured densitometrically after staining overnight and subsequent destaining.
(C) IEF of myosin purified by the PPi-PAGE with 0.6 M KI added to the super natant. Nonphosphory!ated and phosphorylated forms of P-LC from resting and contracting muscles are shown.
(D) Densitometric scans of (C).
treated supernatant prepared from 30-, 40-, 60-, 80 or 120-fold muscle dilution (Fig. 3A) . When 50 ,al of KI-treated supernatant pre pared from 40-fold muscle dilution was ap plied to the gel, there was the greatest amount of myosin. Addition of the same volume but a more concentrated supernatant (30-fold muscle dilution) resulted in a slight decrease in the yield of myosin. Under the condition of 30-fold muscle dilution, some myosin prob ably aggregates at the top of the gel. When the muscle was diluted to 60-, 80 or 120 fold, a proportional decrease in the myosin content was observed. The supernatant fraction from each sample %/vas divided into two parts. KI in a final concentration of 0.6 M was added to one part of each supernatant fraction, and aliquots (50 pl, A; 25 pl, •) of this KI-treated supernatant fraction were layered in duplicate onto PPi-PA gels. Aliquots of the supernatant fraction of the second part without the addition of KI were also layered in duplicate onto PPi-PA gels (50 pl, A; 25 pl, Q). One gel was used to measure the mvosin content (A) after overnight staining as in Fig. 2 , while the other gel was used to quantitate the P-LC phosphorylation (B). In (B), following the IEF and subsequent ammoniacal-silver staining, the extent of P-LC phosphorylation was quantitated for each gel. Each point represents the mean of two experiments.
gel of 25 , l of KI-treated supernatant prepared from 80 and 120-fold muscle dilution re sulted in two myosin bands as demonstrated in the other studies (16) (17) (18) (19) .
To estimate the yield of smooth muscle myosin that migrated into the PPi-PA gels, 1, 2 and 3 ug of purified skeletal muscle myosin were loaded onto the PPi-PA gels. Under these conditions, there was a good linearity between the area of the myosin band on the gels and the amount of myosin loaded. By comparing the area of the myosin band after the loading of 50 al of KI-treated supernatant prepared from a 60-fold muscle dilution with the case of purified skeletal muscle myosin, we have estimated that 5.7 ,ug of myosin migrated into the gel per mg of frozen tracheal tissue. The amount of myosin migrated into the PPi-PA gel is approximately 50% of the estimate of myosin content in tracheal smooth muscle tissue (20) .
Myosin contents in the PPi-PA gels were also quantitated after loading of either 50 al or 25 Id of supernatant without adding KI (Fig. 3A) . Under these conditions, the relative amount of myosin with the same muscle dilu tions was extremely small, probably due to aggregation at the top of the gels. Effects of increasing concentrations of KI on the myosin contents in the PPi-PA gels were then determined. As shown in Fig. 4 , the concentration of KI that resulted in the maximum yield of myosin was 0.6 to 0.9 M.
The optimal loading condition was also determined in another type of smooth muscle, rabbit aortic media-intimal strips. The loading of 50 ltl of KI (0.6 M)-treated supernatant prepared from a 60-fold muscle dilution re sulted in the maximum amount and yield of myosion (data not shown). Under these con ditions, the myosin content in rabbit aorta was approximately 70% of the content in bovine trachea.
IEF was then used to determine the extent of P-LC phosphorylation in the myosin ob tained with the PPi-PAGE (Fig. 3B) . The extent of P-LC phosphorylation was constant with the various muscle dilutions. The P-LC phosphate content with 50 al of a 60-fold diluted sample was 0.27 mol P/mol P-LC.
Determination of the extent of P-LC phos ,.,, ... aBovine tracheal smooth muscle strips and media-intimal strips of rabbit aorta were incubated as described under "Methods." bAfter equilibration, the strips were exposed to the agonist and quick-frozen after 1 min. I n each strip, the isometric tension developed by the agonist was expressed as a ratio to the tension developed by 40 mM KCI. The strips without stimulation with any agonists were denoted as "resting". The effects of antagonists on the response to carbachol were determined by incubation of the strips with the antagonist for 30 min before the addition of carbachol.
cP-LC phosphorylation was quantitated as described under "Methods".
dSignificantly different from the respective resting value (P<0.001). eSignificantly different from 10-5 M carbachol (P<0 .05). N indicates the number of preparations used. Data are expressed as a mean±S.E. phorylation in smooth muscle strips: Isometric tension development and P-L.C phosphoryla tion in response to 1 -min stimulation with several agonists are shown in Table 1 . In cubation of intact smooth muscle strips of bovine trachea with oxygenated PSS at a resting tension was associated with a low level of P-LC phosphate content (0.09+0.02 mol P/mol P-LC, N=10). In contrast, max imum isometric tension development in re sponse to 1 -min stimulation with 10-5 M carbachol, a cholinergic muscarinic receptor agonist, was associated with a rapid increase in the P-LC phosphate content (0.80±0.03 mol P/mol P-LC, N=1 3). The addition of 10-' M atropine, a cholinergic muscarinic receptor antagonist, markedly inhibited the isometric tension development and P-LC phosphoryla tion in response to the 1-min stimulation with 10-5 M carbachol ( Table 1) . Incubation of the strip with 10-4 M W-7, a calmodulin antagonist (4, 21, 22) , also inhibited the carbachol-induced isometric tension develop ment and P-LC phosphorylation (Table 1) . Fig. 5 . Comparison of the changes in P-LC phosphorylation during carbachol-induced isometric tension development between thin (0) and thick (A) strips of bovine tracheal smooth muscle. Temporal changes in isometric tension development (top panel) and P-LC phosphorylation (bottom panel) are shown in response to 10-5 M carbachol, a dose which produced a maximum contractile response for this agonist. The isometric tension developed by carbachol was expressed as a ratio to the tension developed by 40 mM KCI. The dissected sizes of the thin and thick strips were 1.5 mm' (1.5x1.0 mm, 10 mg wet weight) and 3.0 mm2 (1.5x2.0 mm, 20 mg wet weight), respectively.
The strips were quick-frozen at the indicated times, and the P-LC phosphorylation was quantitated.
The values shown represent the meant S.E. for 6 to 13 strips of bovine tracheal smooth muscle. Asterisks (*) indicate those points in the thin strips significantly (P<0.05) different from thick strips.
When the strips were stimulated with other agonists, an increase in the P-LC phosphate content was observed. The histamine (10-4 M)-induced increase in the P-LC phosphate content was significantly less than that in duced by 10-5 M carbachol. The depolariza tion (140 mM KCI)-induced increase in the P-LC phosphate content was much less than the increase induced by either carbachol or histamine ( Table 1) .
The extent of P-LC phosphorylation in media-intimal strips of rabbit aorta was also determined ( Table 1) . Incubation of these strips with the PSS at a resting tension was associated with a low level of P-L C phos phate content. Maximum isometric tension development in response to 1 -min stimulation with 10-5 M NE, an a-adrenoceptor agonist, was associated with an increase in the P-LC phosphate content.
Comparison of the time course of isometric tension development and P-LC phosphoryla tion induced by 10-5 M carbachol in tracheal smooth muscle strips of different thicknesses is shown in Fig. 5 . The initial rate of con traction induced by 10-5 M carbachol was faster in the thinner strips. At 10 min after the initiation of contraction, similar isometric tensions (expressed as carbachol/K+ ratio) were developed in both strips. The extent of P-LC phosphorylation during the carbachol induced contraction was significantly different between the thin and thick strips. In the thin strips, the addition of 10-5 M carbachol re suited in a rapid increase in the P-LC phos phate content (0.81 ±0.04 mol P/mol P-LC, N=8) within 30 sec of stimulation. On the other hand, maximum P-L.C phosphorylation in thick strips (0.68±0.03 mol P/mol P-LC, N=13) was observed at 1 min. After 30-sec stimulation with 10-5 M carbachol, the thicker strips showed a lower P-LC phosphate con tent (0.56±0.04 mol P/mol P-LC, N=6). The increase in the P-LC phosphate content pre ceded isometric tension development which required 5-10 min to attain a maximum steady-state contraction (Fig. 5) . After 5-10 min stimulation with 10-5 M carbachol, the P-LC phosphate content decreased signifi cantly from its maximum value before the steady-state contraction was attained. After 2-hr exposure to 10-5 M carbachol, the phos phate contents in thin and thick strips de creased to 0.30±0.07 (N=8) and 0.27±0.07 (N=9) mol P/mol P-LC, respectively. The steady-state contractions in both strips were maintained for up to 2 hr.
The extent of P-LC phosphorylation after I -min stimulation with 10-5 M carbachol in tracheal smooth muscle strips of various dimensions is shown in Table 2 . In this ex periment, the length (12 mm) of strips was constant, but the dimensions were changed from 0.6 to 4.5 mm2. Upon stimulation of the strips of less than 2.1 mm2 with 10-5 M car bachol for 1 min, the P-LC phosphate content was increased from the resting value of ap proximately 0.1 to 0.8 mol P/mol P-LC. In Table 2 .
P-LC phosphorylation in various weights of smooth muscle strips of bovine trachea after 1-min stimulatinn with 10-5 M carhachnl aThe length (12 mm) of the strips was constant , but the dimensions were changed from 0.6 to 4.5 mm2. bThe strips were stimulated with 10-5 M carbachol and quick-frozen after 1 min . P-LC phosphorylation was quantitated as described under "Methods". Other experimental conditions were the same as in Table 1 and Fig. 5 . Numbers in parentheses indicate the number of preparations used. Data are ex pressed as a mean±S.E. creasing the dimension of strips up to 4.5 mm2 resulted in a decrease in the carbachol induced P-LC phosphorylation.
To further demonstrate the usefulness of this methodology for quantitating P-LC phos phorylation, three more types of experiments were performed. In some smooth muscles or non-muscle cells, myosin content has been found to be too low to obtain sufficient myosin in a single PPi-PA gel. This problem may be eliminated by combining two slices of myosin bands on PPi-PA gels. The P-LC phosphory lation measured after a combination of two slices was compared to that obtained by the one-slice procedure as described above (Fig.  6A) . In these experiments, the supernatant was layered onto three PPi-PA gels; one myosin band then served for the following IEF and the other two bands were combined and analyzed on the same IEF slab gel. A good correlation was found between the P-LC phosphorylation measured with two slices and that measured with one slice.
The effect of freeze-thawing of the super natant was also determined. In these experi ments, the first determination of P-LC phos phorylation was performed on fresh superna tant and the second determination was per formed on the same supernatant after a freeze thawing cycle. The supernatant was frozen quickly by immersing into liquid nitrogen and was kept -60°C for three days. The P-LC phosphate contents determined in the fresh supernatant corresponded well to that in the frozen supernatant (Fig. 6B) . Thus, the supernatant can be frozen for repeated mea surements of the P-LC phosphorylation. Table 3 shows the P-LC phosphate con tents determined in two ha!ves of the same strips. Usually muscle strips were cut into two halves with one half used to quantitate the P-LC phosphorylation, while the other half is used for other biochemical analyses (23) . When the P-LC phosphorylation was determined three days after the determination with one half, the phosphate contents in the two halves were not significantly different. Thus, the pharmacological responses with the P-LC phosphorylation appear to be similar in the various portions of the muscle. More im portantly, these measurements demonstrate the good reproducibility of repeated measure Experimental conditions were the same as in (A). The solid line represents the calculated line of regression (y=0.97x+0.03, r=1.00). ments.
Discussion
In the present study, an improved method for the extraction of myosin from supernatant fractions of small smooth muscle samples is described, based on the dissociation of myosin from actin by KI. The yield of myosin in the PPi-PA gel was much greater than that obtained by an earlier method (10) that did not use KI. Under the conditions described herein, the myosin content was found to be 20 times higher than without adding Kl. The optimal concentration of KI may depend on the protein concentration in the supernatant fraction, but was 0.6 to 0.9 M for optimal ex traction conditions. Application of 50 , I of 0.6 M KI-treated, PPi-extracted supernatant fraction prepared from a solution of 60-fold diluted smooth muscle is optimal for loading on a 65x5 mm tube gel. We have estimated that approximately 50% of the myosin in the tissue migrated into the PPi-PA gels. Con sidering the loss of proteins during the homogenizing process, it can be estimated that most of the myosin in the supernatant migrated into the PPi-PA gels.
This extraction method is based on the reversible depolymerization of actin by KI (24) (25) (26) . Actin is present in the polymerized state in smooth muscle cells, and the amount of actin relative to myosin is much greater than it is in striated muscles (20) . Once actin is depolymerized, myosin should become easily extractable.
As shown for skeletal muscles (25, 26) , the depolymerization of actin by KI is reversible and does not involve protein denaturation.
Also, the yield of ex tracted muscle proteins was much greater with KI than with KCI (24) . KI thus appears to the particularly useful in separation of myosin from actin in smooth muscle samples.
The combination of two electrophoretic procedures, namely PPi-PAGE and IEF, for quantitating the P-LC phosphorylation in smooth muscle strips offers several advan tages over preexisting methods. A large number of muscle samples can be processed in a single experiment, which is one major advantage of this methodology. Routinely, 20 samples are processed at a time by the use of two IEF slab gels in this method, while in the two-dimensional electrophoretic procedures (7, 8) , only one sample can be processed per gel. Another major advantage is the ability to quantitate P-LC phosphorylation without using either radioisotopes or immunoblotting procedures over preexisting immunoblotting methods (6, 9, 10). As already described (10), other advantages include: the ease and ra pidity for obtaining purified myosin from small (4 mg) smooth muscle samples, in creased sensitivity through the combination of IEF and ammoniacal-silver staining, per formance of other biochemical analyses, and a highly reproducible method. The PPi buffer completely inhibits both myosin light chain kinase and phosphatase activities (10) . Since the P-LC phosphorylation is quantitated in terms of purified myosin, ambiguous results that might occur by contamination with other phosphoproteins are minimized (27) .
The time course of P-LC phosphorylation and isometric tension development differed in thin and thick strips ( Fig. 5; Table 2 ). This observation is consistent with the changes in length of the carbachol diffusion path. In studies conducted on tissues activated by the addition of an agonist to the bathing solution, the interpretation of the correlation between mechanical and biochemical responses is obscured by asynchronous times of arrival and different rates of increase in the concentration of agonist at each cell as the agonist diffuses into the muscle strips. With a biochemical response that is transient, in this case, the P LC phosphorylation, the diffusional delays act to diminish both the rate of increase and the maximum level of the measured response. Considering the carbachol diffusion path, the thin preparation is suitable for the investiga tion of such a correlation.
When tracheal smooth muscle strips were frozen without equilibration in muscle baths (Fig. 3) , the extent of P-LC phosphorylation (0.27 mol P/mol P-LC) was three times greater than the resting value (0.09 mol P/ mol P-LC) in which the strips were frozen after the appropriate equilibration (Fig. 5 , Table 2 ). This observation confirms the need for an adequate equilibration period after the preparation of smooth muscle strips to keep the low level of P-LC phosphorylation in the resting state.
Application of this methodology for quan titating the extent of P-LC phosphorylation during isometric tension development in duced by several pharmacological agents is shown in Table 1 . P-LC phosphate contents in resting and contracting smooth muscle strips were similar to those measured with other methods (6) (7) (8) (9) (10) . Antagonistic effects of atropine and W-7 on the responses to car bachol demonstrated the pharmacological relevance of this method for quantitating the P-LC phosphorylation during isometric tension development in intact smooth muscles. Examination of the temporal changes in the carbachol-induced isometric tension development and P-LC phosphorylation in tracheal smooth muscle strips (Fig. 5 ) also exhibited a relatively transient change in the P-LC phosphorylation, as already demon strated in other studies (5, 7, 28) .
Recent studies (16, 18, 19) have demon strated that different phosphorylated forms of purified smooth muscle myosin were resolved after electrophoresis in the presence of PPi. More recently, the application of PPi PAGE to analyze myosin phosphorylation of contracting smooth muscle strips has been reported (17, 19) . According to these me thods, three forms of myosin representing nonphosphorylated, monophosphorylated and diphosphorylated moieties can be sepa rated from contracting smooth muscle strips by PPi-PAGE only in one step. The mono phosphorylated moiety is the myosin that has only one of its two heads phosphorylated, while the diphosphorylated moiety is the myosin that has both heads phosphorylated. When the monophosphorylated myosin was denatured, two heads were separated by electrophoresis into nonphosphorylated P LC and phosphorylated P-LC. Therefore, these methods are extremely useful for deter mining the properties of monophosphorylated myosin.
In conclusion, the addition of KI to the supernatant fraction of smooth muscle homo genates helps the separation of myosin during PPi-PAGE. The combination use of PPi PAGE, IEF and ammoniacal-silver staining offers a relatively rapid, accurate and sensitive technique for quantitating the P-LC phos phorylation during changes in contractile tension in small smooth muscle strips. This procedure can be useful for pharmacological investigations on the role of P-LC phos phorylation in smooth muscle contraction.
